The multi-scale microstructure of a lotus leaf is rendered non-wetting by micro-protrusions and nano-hairs present on its surface. The mechanical properties of the surface become important since the water droplet has to be supported on the micro-protrusions without wetting the surface. Current work correlates the non-wetting behavior of the lotus leaf with its mechanical properties (Young's modulus and critical flexing stress) and areal spread of micro-protrusions on the leaf surface. Quasistatic nanoindentation of nano-hairs on the lotus leaf surface has shown a variation of elastic modulus between 359 and 870 MPa, which in turn dictates the critical flexing strength and consequent non-wetting. Computational fluid dynamics modeling is utilized to correlate wetting phenomena with the areal spread of micro-protrusions. A qualitative model is proposed for the way nature has chosen to render the lotus leaf surface non-wetting.
Introduction
Nature is simple, but its science is not. The lotus leaf is known to grow at the bottom of ponds, but emerges above the water surface as if untouched by the contamination of the dirty water that it grows in [1] . The non-wetting lotus leaf is often related to extreme purity, which restricts bacteria and pathogens growing on its surface [2] . Water droplets roll over the leaf's surface taking away all the dirt and leaving a clean surface behind. A high contact angle (>160
• ) of the water droplet is attributed to two levels of microstructure of the lotus leaf [1, [3] [4] [5] [6] . It is well documented in the literature that a material with the lowest surface energy renders a contact angle of 120
• [5] . It is reasoned that only an increased surface roughness (apart from surface chemistry) can further enhance the contact angle of water with the surface [5] . 3 Author to whom any correspondence should be addressed.
A variety of surfaces have been patterned for mimicking lotus leaf structure and rendering hydrophobic surfaces with high contact angles for potential applications such as waterrepellent glass in the automobile industry, surgical antibiofouling instruments, self-cleaning clothes and paints, molecular motors, and low-drag marine vessels [7] [8] [9] . Polycarbonate was roughened by a hydrophobic coating of POSS (polyhedral oligomeric silsesquioxane) resulting in a contact angle of greater than 165
• for the structure [3] . PET fabric modified with silver/polystyrene (PS) displayed a superhydrophobic contact angle of 157
• because of the enhanced roughness effect of hydrophobic PS [10] . Similarly, carbon nanotubes were deposited on cotton fabrics using ultrasonic irradiation to roughened the surface and achieve a superhydrophobic surface (>150
• contact angle) [11] . Further, nanocasting has been performed on polyvinyl chloride (PVC) in two steps: (i) achieving a negative surface of a lotus leaf using polydimethylsiloxane (PDMS), and (ii) casting PVC over a negative template [12] . Here the water contact angle reached ∼157
• with a roll-off angle of 3
• , showing superhydrophobicity. Consequently, tribological studies on the patterned surface (similar to a lotus leaf) of polymethyl methacrylate (PMMA) have shown a reduced coefficient of friction (∼0.1) when compared to that of an unpatterned surface (>0.6) [13] . This was attributed to its mimicking a lotus leaf patterned surface, where the frictional force becomes proportional to the actual area of contact.
Despite successfully achieving synthetic superhydrophobic surfaces that mimic the lotus effect, an understanding of the wetting behavior with respect to the lotus leaf's multi-scale microstructure and mechanical properties is still missing. Current work elucidates the role of nano-hairs present on the lotus leaf surface in producing a 'droplet-rolling' effect. Droplet rolling, as observed in a dewetting lotus leaf structure, is decided by the predominant Cassie-Baxter state [2, 6] . The contrary situation of a water droplet following the roughness contour will otherwise elicit a sticking behavior (decreasing the contact angle hysteresis) as in the Wenzel state [1] . However, validation of such a hypothesis is missing due to imaging limitations; there is a combined requirement for (i) high enough resolution to observe organic nano-hairs and (ii) good imaging of entrapped water in protrusions under low/non-vacuum condition.
The rolling of a droplet is a function of the flexing and straightening of nano-hairs, which allow the water droplets to bounce on the lotus leaf surface. Consequently, nanomechanical testing is performed on nano-hairs present at the base and protrusion of the lotus leaf to extract their flexing strength. Protrusions act as supporting structures for the water droplet, and their role in rendering non-wetting is simulated via computational fluid dynamics modeling. To delineate the role of roughness in wetting the surface, varying protrusion dimensions and spread are also simulated in the current work.
Material and methods

Microstructure and quantification of hairs on the lotus leaf
A fresh lotus leaf (Nelumbium lutea) was obtained from a local horticultural vendor in Miami, Florida, USA. The lotus leaf was gold coated for its microstructural analysis using field emission SEM (FESEM) JEOL JSM 6330 F. Consequently, SEM images of base-and protrusion hairs on the lotus leaf were quantified for their diameter and length using image-J software and several SEM images. The lotus leaf was kept moist and the fresh part retaining the superhydrophobicity was utilized for performing the nanomechanical tests.
Nanomechanical analysis of nano-hairs present on the lotus leaf structure
The quasistatic Young's moduli of the fresh lotus leaf hairs are evaluated by a Hysitron TriboIndenter ® (Minneapolis, MN) using a pyramidal Berkovich tip of radius 100 nm. Quasistatic tests were performed at a load of 150 μN to obtain the elastic modulus of the base and protrusion hairs. The maximum load reached was different for the base and protrusion hair regions because of time-controlled loading applied during the quasistatic tests.
Simulation of wetting on rough surfaces
To simulate the wetting on a rough surface, a flow of water droplets was modeled on a glass surface using SimDrop ® software. SimDrop ® is a volume of fluid (VOF) based approach, which calculates the associated momentum and energy of the impacting droplets on a surface. It provides fundamental visualization of splat formation dynamics with a variety of substrate and impacting droplet properties (thermal and physical) [14] . SimDrop utilizes an Eulerian fixed-grid algorithm, which tracks fluid deformation via the volume tracking approach. An incompressible and laminar flow is assumed for solving the Navier-Stokes equation in a threedimensional (3D) Cartesian coordinate via a finite difference scheme. Utilizing these concepts, several flow problems have been investigated using SimDrop software such as the growth and collapse of a bubble [15] , the impact of molten droplets on a patterned surface [16] , splat formation during thermal spraying [14, 17] , etc [18] . In the current work, surface roughness was varied from smooth to microasperities to simulate the lotus leaf surface (i.e. 10 μm high pillars of 5 μm diameter separated by a distance of 10 μm). Computational capability limited the modeling of water droplets to a maximum size of 150 μm in comparison to actual rain drop size averaging ∼2 mm. When a rough substrate is used, the CPR (cells per radii) is determined in such a manner that the lower dimension of the roughness must be resolved by the resultant grid. The data set that initially is to be analyzed, particularly the lower dimension of the roughness (5 μm) and the diameter of the water droplet (∼2 mm), will result in a grid size (∼400 CPR) that demands huge computational power. So the diameter of the droplet was reduced until the grid size was such that the available computational resources were sufficient to run the simulations. The resultant ratio was 150 μm at 30 CPR.
Results and discussion
To relate the geometry of hairs with the mechanical properties and non-wetting of a lotus leaf, the results are expressed via (i) morphological and quantitative analysis of hairs present at the base and protrusion of a lotus leaf, (ii) mechanical properties (Young's modulus and critical flexing strength) of lotus leaf hairs, and (iii) computational fluid dynamics modeling of wetting by water droplets with a varying spread of protrusion geometry. The role of hair geometry, corresponding mechanical properties, and the effect of optimum height, diameter, and spread of protrusions in the resulting non-wetting of a lotus leaf are discussed in section 3.2.
Route of the lotus leaf to non-wetting
The surface of a lotus leaf has small bumps 10-15 μm apart, 5-10 μm in height, and 5 μm in diameter, figure 1(a). These micro-bumps (or protrusions) are covered with fine nanohairs (∼100 nm diameter), figure 1(b), which increase surface roughness and cause the superhydrophobicity of the lotus leaf surface. The presence of nano-hairs in the lotus leaf structure has shown an additional increase of 16
• in the contact angle (reaching 142
• ) when compared to protrusions without nanohairs (∼126
• ) [19] . These nano-hairs are present both on the surface and protrusions of the lotus leaf, figures 1(c) and (d). The cumulative length and diameter of hairs present on the base and protrusion of the lotus leaf (as a normalized frequency) are presented in figures 2(a) and (b) respectively. The lengths of hairs at the base ranged between 400-1000 nm (50% cumulative length of 630 nm) in comparison to those of protrusion hairs which were between 300 and 600 nm (50% cumulative length of 536 nm), figure 2(a). Whereas, the diameters of the base hairs varied between 50 and 130 nm (50% cumulative diameter of 84 nm) and those of protrusion hairs between 50 and 100 nm (50% cumulative diameter of 71 nm), figure 2(b). Once the geometry of hairs is quantified, evaluation of their mechanical properties becomes essential, as the first contact of a water droplet occurs with hairs present on the protrusion and/or base of the lotus leaf.
To examine the stiffness (or Young's modulus) of the base and protrusion hair, the corresponding load-displacement curve is obtained from nanoindentation tests, as shown in figure 3 . The Young's modulus of base hair had an average value of ∼868 MPa, whereas protrusion hair showed an average modulus of ∼359 MPa (table 1) . This contrasting behavior of modulus difference is explained in section 3.2. Spread of protrusion geometry is critical as it decides the support of a water droplet and non-wetting of the lotus leaf surface. Hence fluid dynamics software SimDrop ® is utilized to evaluate the effect of surface roughness in rendering a lotus leaf non-wetting.
The role of surface roughness on wetting behavior is presented in figure 4 which shows the breaking of the water front in the case of a rough substrate (protrusions of 10 μm height, 5 μm diameter separated by 10 μm) at a time of 1.34 × 10 −3 s. A droplet diameter of 150 μm is utilized in the current simulation, which is expected to mimic the overall behavior of a water droplet 2-3 mm in diameter. A smooth surface (zero roughness), figure 4(a), allows a non-resistant flow of water (non-broken front) as opposed to the disintegration of a water droplet on a rough substrate (mimicking the lotus leaf protrusion surface), figure 4(b). It must be mentioned that nano-hairs cannot be accounted for in the simulations, but nano-hairs will further enhance the hydrophobicity of the surface owing to their increased roughness [1] . Hence the trend will be similar, but will show an exaggerated response with an analogous behavior [1, 19] . Now it becomes critical to correlate the non-wetting response with the mechanical properties of the lotus leaf surface.
Self-cleaning of the lotus leaf surface occurs by rolling of the water droplet rather than by its slipping (upon low contact angle), figure 5(a) [1] . Rolling of a water droplet becomes possible because protrusions have: (i) sufficient strength to hold the water droplet, (ii) softness so as not to puncture the water droplet, and (iii) enough compliance to reflex the water droplet and let it roll [20] . Coupled with the leaf's waxy surface chemistry, the water droplet does not stand a chance of sticking onto its surface [1] and rolls over. The Cassie-Baxter wetting condition, which is predominant in a lotus leaf, entraps air between the protrusions, enhancing the contact angle of a water droplet with the lotus surface [1, 19, 21] . For two intermixed surfaces in contact with a water droplet, figure 5(b) , CassieBaxter's contact angle (θ CB ) is defined as [3, 6] cos θ CB = f 1 cos θ 1 + f 2 cos θ 2 (1)
where f 1 and f 2 are the fractional contact area of phase 1 (airpocket) and phase 2 (protrusion surface) respectively ( f 1 + f 2 = 1), with corresponding contact angles of θ 1 and θ 2 . The effect of air-pocket entrapment becomes extremely significant in correlating the spread of protrusions in non-wetting the lotus leaf surface, as described in section 3.2. 
Non-wetting and mechanical property correlation of protrusion hairs
Since protrusion hairs have a lower aspect ratio (l/r ), intuitively, they are expected to be stiffer than base hairs. The contrast in the Young's moduli of base (E = 868 MPa) and protrusion hairs (E = 359 MPa) is attributed to the location of these nano-hairs. It is rare that an indenter tip can directly contact the tip of a straight hair and will lead to its flexing. As the hairs have a diameter of 50-130 nm ( figure 2(b) ), it is more probable that a cluster of a few hairs (because a Berkovich tip has a radius of 100 nm) will be hit by the tip resulting in flexing of the hairs due to applied load. Upon loading in quasistatic conditions, protrusion hairs deform and their flexing is supplemented by the bending of protrusions. Since the evaluation of Young's modulus already accounts for the applied load and the supported contact area, the overall stiffness of the protrusion hairs (in conjunction with the compliance/stiffness of the protrusion itself) and those of base hairs can be isolated. As observed from the load-displacement curve, figure 3 , an overall displacement in excess of 315 nm confirms synergistic flexing of protrusion and protrusion hairs yielding a low Young's modulus (∼359 MPa). It must be noted that the combined stiffness of protrusion hair and the protrusion itself is portrayed in figure 3 . Whereas on the other hand, limited surface availability at the base of the lotus leaf causes the indenter tip to squeeze a base hair against a comparatively hard leaf surface. This supported surface, hence, provides higher stiffness (∼868 MPa). Protrusion hairs on the lotus leaf surface initiate the contact, but flex upon load application by the indenter tip. Hence damage resistance of the surface is derived through soft hairs, which initiate the contact with the indenter tip, support a certain load of indenter, and consequently flex when the indentation force exceeds a critical value. The flexing strength of protrusion hair becomes important as it prevents water droplets from touching other surfaces, leading to nonwetting of the lotus leaf surface. This behavior may vary from protrusion to protrusion depending on height and diameter, number, geometry, and the stiffness of hairs. From the classical mechanics theory, flexing stress (σ ) of the hairs can be given as
where E is the Young's modulus, l is the length ( figure 2(a) ), and r is the radius of the hairs ( figure 2(b) ). It must be noted that the flexing of hairs is an apparent response of individual nano-hairs to the loading with a water droplet. Thus, critical flexing stress (∼11.5-47.7 MPa, table 2), must be withstood by a protrusion in order to retain the hydrophobicity of the lotus leaf structure, i.e. protrusions should stand stiff and support the entire load of a water droplet without flexing. Our interest lies in the stiffness of a protrusion hair as they first come into contact with water droplets and decide the non-wetting of the lotus leaf surface. The flexing stress of base hairs exceeds the non-wetting performance of protrusion hairs because of their higher critical flexing stress (18.6-87.5 MPa), table 2. It must be noted that the weight (and size) of a water droplet is distributed over the protrusion spread. Hence, apart from the constrained mechanical properties of hairs, the spread of a protrusion strongly affects the wetting of the lotus leaf surface. Thereby, the wetting behavior with varying protrusion spread and geometry is explained via computational modeling.
The effect of a smooth surface on rendering excellent wetting is evident from figure 4(a) . Assuming a water droplet of diameter 2-3 mm falling on the lotus leaf surface and making a contact angle of 165
• , generates a contact radius between 125 and 200 μm. Ignoring the sagging effect because of self-weight and surface tension, an actual water droplet would cover an area of 0.049-0.126 μm 2 . Simulation with a water droplet diameter of 150 μm increases the dynamic contact from zero to greater than 0.50 μm 2 (obtained from the final fluid front in table 3 by the SimDrop ® simulation), which takes account of the entire range of flow-area in the current work. Thereby, the effect of protrusion spread on wetting an actual 2-3 mm diameter droplet can be visualized by computational fluid dynamics modeling of a 150 μm diameter water droplet on varying surface roughness, table 3. With the normal protrusion spread (diameter of 5 μm, peak height of 10 μm, and peak to peak distance of 10 μm), the wavy surface is generated indicating the sliding of a water droplet on the substrate with minimal wetting. It must be noticed that water connectivity is retained and the weight of the water droplet is supported by micro-protrusions. With increasing distance (to 30 μm) between micro-protrusions, the water droplet breaks into small islands because of self-sagging. Sagging of water droplet occurs because the supporting pillars are now far apart, and the concentrated load of the water droplet cannot be borne by the reduced number of microprotrusions. A picture of fragmented islands can be seen in table 3. An increased protrusion height (to 30 μm) with similar protrusion diameter (of 5 μm) and peak to peak distance (of 10 μm) produces a flow of water on the substrate similar to that obtained on a smooth surface ( figure 4(a) ). It has been suggested by Lundgren that wetting behavior is independent of protrusion height when the height of a microprotrusion exceeds 15Å [22] . These conditions were the result of molecular dynamics modeling performed by varying the surface wetting properties [22] . But, in the current fluid dynamics modeling, the pinching effect of a water droplet by micro-protrusions is observed. Herein, a sticking of the droplet occurs as the water is drawn into the micro-cavity (30 μm deep) because of capillary action [23] . As observed in the initial stages, a regular pattern (10 μm × 10 μm × 5 μm) extends a thin (∼20 μm) and short (∼60 μm) front-arm (shown by the dotted circle in table 3) inducing a non-wetting wave effect by forming a curvature at the bulk-extension interface. With enhanced distance between the protrusions (10 μm × 30 μm × 5 μm), the curvature is lost, inducing a longer (∼70 μm) arm extension. Ease of wetting occurs in the increased protrusion height (30 μm × 10 μm × 5 μm) since a datum height is available for the water droplet front to proceed further. In addition, the piercing capillary effect attracts the water droplet and continues filling the next cavity (similar to filling water in ice-cube trays). Now the question arises of how change in the areal spread will lead to stress distribution on the protrusions and hence puncturing and wetting. This non-wetting behavior is explained by a qualitative model of droplet interaction with micro-protrusions as presented in the following section. Nature knows best how to induce balance in the regular functioning and survival of species as manifested by the lotus leaf. This is explained in figure 6 (a) which shows a water droplet balanced on micro-protrusions of diameter 5 μm and height 10 μm, separated by a distance of 10 μm. For the condition when a water droplet is supported by micro-protrusions without wetting the surface (or air is entrapped between the protrusions), the Cassie-Baxter condition (equation (1)) for wetting is modified as
where f 2 is the fraction of protrusion surfaces supporting the water droplet and θ 1 = 180
• due to the non-wetting condition with air. Now, to maintain the wetting angle >165
• , the fractional area of the droplet supported on protrusions has to remain constant. Approximating the density of water to 1 g cm −3 , the force exerted by a 2-3 mm diameter water droplet on a lotus leaf is 41.2-138.5 × 10 −6 N. This load is borne by the micro-protrusion-area supporting the water droplet, which corresponds to a total stress of 2.1-7.06 MPa. Protrusions not only support the water droplet, but also resist puncturing the water droplet. Therefore, it becomes essential to understand the protrusion spread that gives superhydrophobicity to a lotus leaf.
The overall physics of the problem changes as the number of contact points reduces and increases the stress to be supported by individual pillars or protrusions. In case (i), figure 6(b) , when the distance between protrusions is increased (to 30 μm), keeping its height and width the same, the enhanced weight is to be supported at points far away. For comparison, a water droplet force of 41.2-138.5 × 10 −6 N is to be supported by ∼490-1256 micro-protrusions spread 10 μm apart in a square grid corresponding to a stress of 4.29-5.65 × 10 −3 MPa per protrusion. In the case where the micro-protrusions are 30 μm apart, the water droplet has to be supported by 54-140 protrusions, corresponding to a stress of 38.9-50.7 × 10 −3 MPa per protrusion. Assuming that micro-roughness reduces actual surface contact to ∼17%, this is expected to be further reduced by an order or two of magnitude in the case of nano-roughness [8, 13, 24] . Hence an overall stress is exaggerated by up to three orders of magnitude per protrusion. It can be implied that the stress experienced by each protrusion (∼4.29-5.65 × 10 −3 MPa) is not large enough and less probable to exceed the critical flexing stress (of 11.5-47.7 MPa, table 2) when protrusions are spread 10 μm apart. Whereas, the spread of protrusions 30 μm apart causes stresses of ∼38.9-50.7 × 10 −3 MPa, exceeding the critical flexing stress. In other words, stress increases by an order of magnitude (and cause wetting) when the spread of protrusions is 30 μm apart as compared to when they are 10 μm apart. Thereby, the enhanced moment generated because of enhanced separation between protrusions leads to sagging of the water droplet, figure 6(b) . Sagging, consequently, fragments the water droplet allowing water seepage and enhanced surface wetting.
By contrast in case (ii), figure 6(c), i.e. when the protrusion height is enhanced (from 10 to 30 μm, keeping the spread constant as 10 μm apart), the aspect ratio of l/r increases by three times, which reduces the critical flexing strength of protrusion hairs by an order of magnitude (to ∼1.28-5.30 MPa from the existing 11.5-47.7 MPa). And the weight of the water droplet (stress of ∼4.29-5.65 MPa) now becomes large enough to flex the protrusion hair. The potential energy of the water droplet (mgh) also increases to induce a droplet penetration effect as higher perimetric contact becomes available for penetrating the protrusions and wetting the surface via capillary action [23] . Low surface energy of the surface does not necessarily mean non-wetting, but adhesive or van der Waals forces also play a part in 'sticking' (because of capillary action) of the droplets defined by body weight and surface forces [1, 6, 11] . behavior of the lotus leaf. The effect of inclination on the wetting behavior with altering protrusion spread is presented in figure 7(b) . Considering only micro-protrusions, the transition from Cassie-Baxter superhydrophobicity to Wenzel state can occur as early as 23.5
• . But the presence of nano-hairs (conservative diameter of 150 nm, 100 nm apart) on the protrusion surface increases the Laplace pressure by two orders of magnitude (inset, figure 7(b) ). It must be pointed out that the self-weight of the water droplet will shift its center of gravity and roll off the superhydrophobic lotus leaf surface and truecontact above a few degrees may not even occur.
As the water droplet touches the lotus leaf surface, the first contact is made by the nano-hairs on the top of protrusions. Consequently, only initial 'point-support' can later tilt or buckle. In the case of reentrant structures (or higher inclination angles), the water droplet will come into contact normally with the lateral surface hairs of protrusions, in addition to the support from the horizontal base hairs' surfaces. As pointed out earlier, as soon as the inclination reaches a few degrees, the water droplet will roll off from the superhydrophobic lotus leaf surface. In addition, enhanced nano-roughness due to the presence of nano-hairs causes a transition from the CassieBaxter to Wenzel state at a much higher inclination angle (it increases from 23.5
• to 55.2 • ). Thus, the superhydrophobicity rendered by nano-hairs can be retained until higher inclination angles (up to 55.2
• ) because of their higher Laplace pressures (∼0.684 MPa).
Conclusions
In summary, the mechanical properties are sensitive to the geometry of base and protrusion hairs present on the lotus leaf surface. The quasistatic nanomechanical modulus of base hairs (868 MPa) and of protrusion hairs (359 MPa) is attributed to their location. Protrusions induced supplementary flexing of hairs during quasistatic nanoindentation. To correlate the water droplet support by protrusions with the non-wetting of the lotus leaf, the spread of protrusion locations and their geometry was modeled via SimDrop ® software. Consequently, the critical flexing stress of the hairs was mathematically correlated with the non-wetting map of protrusion spread and geometry. Laplace pressure existing in the hierarchical structures complements the droplet sagging effect in the case of sparsely spaced protrusions and the droplet penetration effect in the case of high protrusions led to droplet fragmentation and substrate wetting. The optimization of (i) protrusion height and spacing, along with (ii) surface chemistry, and (iii) the presence of nano-hairs at the base and protrusion to render lotus leaf surfaces superhydrophobic is performed by nature.
